Abstract Polar organic chemical integrative samplers (POCIS) are useful for monitoring a wide range of chemicals, including polar pesticides, in water bodies. However, few calibration data are available, which limits the use of these samplers for time-weighted average concentration measurements in an aquatic medium. This work deals with the laboratory calibration of the pharmaceutical configuration of a polar organic chemical integrative sampler (pharm-POCIS) for calculating the sampling rates of 17 polar pesticides (1.15≤logK ow ≤3.71) commonly found in water. The experiment, conducted for 21 days in a continuous water flow-through exposure system, showed an integrative accumulation of all studied pesticides for 15 days. Three compounds (metalaxyl, azoxystrobine, and terbuthylazine) remained integrative for the 21-day experiment. The sampling rates measured ranged from 67.9 to 279 mLday −1 and increased with the hydrophobicity of the pesticides until reaching a plateau where no significant variation in sampling rate is observed when increasing the hydrophobicity.
Introduction
Over the past decades, many organic contaminants have been found in different aquatic environments. Among these pollutants, pesticides are mainly derived from agricultural activities (Schwarzenbach et al. 2006) . Runoff over fields and infiltration caused by precipitation are the major causes of the presence of these agrochemicals in surface-and ground waters (Beltran et al. 1993) . Pesticide pollution can be not only problematic for human health, considering drinking water, but also for aquatic organisms.
Continuous monitoring of pesticide concentrations in aquatic environments is necessary for assessing the water quality (Liess et al. 1999) , whereby sampling is a crucial step. The conventional methods of screening for aquatic pollutants rely on the analysis of grab samples, but these techniques generally do not provide appropriate information on variability of micro-pollutants concentration in water. Spot sampling provides only a snapshot of pollutant concentrations at the time of sampling and is often insufficient for detecting and quantifying trace levels of contaminants in water. In addition, the concentration of pollutants can fluctuate depending on environmental conditions, and frequent sampling is required to monitor contaminant levels. However, increasing the sampling frequency means taking a larger number of water samples, which is time consuming, laborious, and expensive.
In environmental analysis, the development and application of monitoring techniques based on passive sampling offer a new and alternative approach to monitoring programmes that rely on collecting spot samples. Passive sampling, in contrast to spot sampling, enables determination of the time-weighted average (TWA) concentration of water contaminants over long sampling periods, permits the detection of trace and ultra-trace contaminants by the in situ pre-concentration of pollutants, and finally offers significant handling, use and economic benefits compared with conventional grab-sampling techniques (Kot et al. 2000) .
Various types of samplers exist with different design characteristics for the sampling of aquatic organic pollutants of different polarities. Among the passive samplers available, the most widely used for sampling polar organic pollutants are the Chemcatchers® (Kingston et al. 2000 , Greenwood et al. 2007 , Vrana et al. 2007 ) and polar organic chemical integrative samplers (POCIS) . POCIS consists of a solid sequestration phase (sorbent) enclosed between two hydrophilic microporous polyethersulfone (PES) membranes (porosity 0.1 μm). The surface area of POCIS is 41 cm 2 , and two configurations are commercially available: pharmaceutical-POCIS (pharm-POCIS) and pesticide-POCIS (pest-POCIS) (Alvarez et al. 2004) .
The sorbent in POCIS samplers is usually based on polystyrene divinylbenzene combined with active carbon in the case of pest-POCIS, or Oasis™ HLB sorbent in pharm-POCIS. This sampler can retain a large range of polar organic pollutants from different classes of organic compounds, such as pesticides, non-ionic detergents, polar pharmaceuticals, or natural and synthetic hormones (Alvarez et al. 2004; MacLeod et al. 2007; Li et al. 2011; Pesce et al. 2011) . Alvarez et al. (2004) reported that pharm-POCIS is more suitable for organic polar compounds with multiple functional groups, and Mazzella et al. (2007) mentioned that it is more convenient for the sampling of basic and neutral herbicides. There are some practical advantages in using pharm-POCIS for monitoring polar organic contaminants, including the use of less solvents than for recovering analytes from pest-POCIS (Li et al. 2011) .
A detailed description of these tools and their respective applications is available in the literature (Alvarez 1999; Alvarez et al. 2004; Petty et al. 2004; MacLeod et al. 2007; Mazzella et al. 2007; Arditsoglou and Voutsa 2008; Li et al. 2011; Pesce et al. 2011) .
The POCIS approach has been used as a screening tool for determining the presence of possible sources and relative amounts of organic contaminants in surface water and wastewater This approach allows the detection of new compounds such as pharmaceuticals, detergent identified as "emerging pollutants", that cannot be detected by spot sampling, (Petty et al. 2004) .
However, the use of POCIS as a quantitative tool for determining TWA concentrations requires calibration studies for the estimation of sampling rates of the targeted compounds. To date, POCIS sampling rates have been determined for only few pesticides (Mazzella et al. 2007; Togola and Budzinski 2007; Arditsoglou and Voutsa 2008; Li et al. 2011) . The theory of passive sampling was described earlier as well (Alvarez et al. 2004; Mazzella et al. 2007; Togola and Budzinski 2007) .
The objective of this study was to determine the sampling rates of 17 polar pesticides (Table 1) by pharm-POCIS in a laboratory-calibration experiment, in order to use this sampler as a quantitative tool for TWA concentration measurements in different aquatic environments. The studied compounds were atrazine, simazine, desethylatrazine (DEA), desisopropylatrazine (DIA), desethylterbuthylazine (DET), terbuthylatrazine, diuron, isoproturon, chlortoluron, linuron, propyzamide, alachlor, metolachlor, acetochlor, metalaxyl, penconazole, and azoxystrobine.
Material and methods

Chemicals and materials
All pesticides analytical standards (purity >98 %) were provided by Dr. Ehrenstorfer (CIL, Sainte Foy La Grande, France). Individual solutions of pesticides (500 mgL ) prepared in acetonitrile were used for the experiment. Deuterated labelled compounds, simazine-d10 (98 %) and atrazine-d5 (97.5 %) were obtained from Dr. Ehrenstorfer (see above) and were used for recovery control and analytical control, respectively. Acetonitrile and methanol (HPLC grade) were obtained from Fisher Chemical (Illkirch, France) and formic acid was from Avantor (Deventer, the Netherlands). Water used for experimental processes was generated by a Millipore direct-ultrapure water system with a specific resistance of 18.2 MΩ cm −1
. Oasis™ HLB extraction cartridges (500 mg, 60 μm) were purchased from Waters Corporation (Guyancourt, France). Exposmeter SA (Tavelsjö, Sweden) provided the pharmaceutical POCIS samplers. Empty polypropylene solid-phase extraction (SPE) tubes with polyethylene frits were purchased from Supelco (Saint-Quentin Fallavier, France). An HPLC pump (ProStar 220, Varian, Les Ulis, France) and a peristaltic pump (Labcraft) were used in the experimental set-up for supplying water. An Autotrace SPE workstation (Caliper Life Sciences, Villepinte, France) was used for the water-sample processing and a Visiprep SPE Manifold (Supelco) was used for POCIS processing.
Experiment design
The POCIS calibration experiment was conducted in a 100 L stainless steel tank filled with tap water (pH08.3) initially fortified at 1.1 μgL −1 of each target pesticide. The tank was designed to contain an inert Teflon carousel, connected to an electric motor with an adjustable rotation speed for simulating turbulent conditions in water. For determining the sampling rates, 12 pharm-POCIS were initially immersed in the tank, attached to the carousel. To study the kinetic accumulation of pesticides in the POCIS, the samplers were successively removed from the tank in triplicate at set time intervals (5, 9, 15, and 21 days) and analysed to determine the amount of accumulated chemicals. In order to maintain the concentration of pesticides in water constant, the tank was continuously supplied with tap water spiked with pesticides at 1.1 μgL −1 with flow rate of 7 mLmin −1 . The volume of methanol added in the tank for the initial supplementation was very low (less than 0.03 % of the total volume) and the volume of methanol added all along the experiment was estimated to 0.004 % and doesn't change significantly the DOC value. The monitoring of pesticide concentrations in the tank during the experiment was done by sampling 200 mL of water in triplicate from the outlet of the tank at each time the POCIS were removed. The water temperature and pH in the tank were monitored during the experimental period and remained stable with a mean of 21°C (from 20.8°C to 21.5°C) for temperature and from 8.2 to 8.4 with a mean of 8.3 for pH. The carousel rotation speed was fixed at 10 rpm (0.115 ms −1 ). Blank POCIS have been deployed during exposure in parallel, showing no contamination by targeted compounds during the experiment.
Sample treatment
After exposure, each POCIS was opened and the sorbent was recovered from the PES membranes with ultrapure water and transferred into a 1 mL empty SPE tube with a polyethylene frit and packed under vacuum by using the Visiprep SPE manifold. The sorbent was dried for 30 min under vacuum. Prior to extraction, 75 μL of atrazin-d5 (0.5 mg L −1 ) was added during the sequestering phase.
Pesticides were extracted by eluting under vacuum with 10 mL of acetonitrile. The eluate was evaporated under a gentle stream of nitrogen and the volume of the extract was reduced to 1 mL. After elution, the sorbent was dried at 40°C and weighted. All results were corrected by using the real mass of sorbent in each exposed sampler. Water samples (200 mL) were extracted via SPE using the autotrace SPE workstation. The HLB cartridges were successively pre-conditioned with 5 mL acetonitrile, 5 mL methanol, and then 5 mL of ultrapure water at 5 mlmin −1 .
Prior to extraction, each sample was fortified with 125 ng of atrazine-d5. The samples were passed through the cartridges under vacuum at a flow rate of 10 mlmin −1 . Before elution, the cartridges were dried under vacuum for 1 h. Analytes were recovered by eluting the cartridges with 8 mL of acetonitrile at a flow rate of 3 mLmin −1 . The sample volume was reduced to 1.5 mL under a gentle stream of nitrogen and transferred to an autosampler vial. All sample extracts were spiked before analysis with 50 μL of the deuterated internal standard simazine-d10 (2 mgL −1 ).
Pesticide analyses
All POCIS and cartridges extracts were analysed by UPLC-MS/MS. Liquid chromatography separations were done in a Waters ACQUITY UPLC system (Waters, Guyancourt, France) using a 150 mm×2.1 mm×1.7 μm ACQUITY BEH C18 column. The mobile phase was composed of solvent A (0.05 % formic acid in water) and solvent B (0.05 % formic acid in acetonitrile) at a constant flow of 0.4 mLmin −1 . The gradient was programmed to increase the amount of B from 0 to 100 % in 7.5 min, with stabilization at 100 % for 1.5 min before returning to the initial conditions (0 % B) in 0.3 min. These conditions were maintained for 15 min. Mass spectrometry detection was done with a Quattro Premier XE MS/MS (Waters, Guyancourt, France) fitted with an ESI interface and controlled by MassLynx software. Typical interface conditions were optimized for maximum intensity of the precursor ions as follows: nebulizer and desolvation (drying gas, N 2 ) flows were set at 650 and 150 Lh −1 , respectively; source block and desolvation temperatures were 100 and 350°C, respectively. The ESI polarity ionization mode was set individually for each target compound. Argon was used as collision gas at a pressure of 3.7×10 −3 mBar. Mass spectra were performed in the multiple reaction-monitoring mode (MRM). The mass spectrum acquisition of each compound was done by recording two characteristic fragments: a transition one was used for quantitation and the other for confirmation.
Stability of pesticides in the aqueous phase
During the 21 days of the experiment, the aqueous concentration of pesticides in the tank was monitored at each time the POCIS were removed. If concentrations are kept relatively constant during laboratory calibration, the sampling rate for each pesticide can be calculated when accumulation in the sampler follows a linear pattern. The results showed a relatively constant chemical concentration (RSD03-12 %) in the exposure tank throughout the experiment, with average concentrations ranging from 568 ngL −1 (penconazole)
to 1337 ngL −1 (DIA) ( Table 2 ). Average concentrations presented in Table 2 concern mean values calculated from water sampled in triplicate at the 5th, 9th, and 15th day of exposure (nine water samples) and used for calculations.
Sampling rate calculation
Accumulation of contaminants by passive samplers typically follows first-order kinetics, which includes an initial integrative phase, followed by curvilinear and equilibriumpartitioning phases. POCIS requires a relatively long sampling time before reaching equilibrium, and accumulation thus tends to remain for a long period after deployment in the integrative phase when analyte uptake is linear. In the linear region of POCIS uptake, the amount of a chemical accumulated in the sampler (M) is described by Eq. (1): where R S is the sampling rate (in liters per day), C w is the concentration of the compound in water (in nanograms per liter) and t the exposure time (in day). The experimental data obtained from the laboratory calibration tests were used for calculating the sampling rates (R s ) of the target pesticides according to Eq. (1). To simplify the calculation of R s , the regression line for each pesticide was fitted through the origin. A linear regression model with zero intercept was also used in other studies (Mazzella et al. 2007; Arditsoglou and Voutsa 2008; Martínez Bueno et al. 2009 ). For each pesticide, the sampling rate was determined by dividing the slope of the linear regression curve by the mean aqueous concentration for the selected compounds during the first 15-day exposure.
The sampling rate of each compound was calculated by dividing the slope of the uptake curve plotted for 15 days exposure by the mean aqueous concentration of the corresponding compound computed for the similar exposure time, which corresponds to an average of 9 water samples. As the experience of analytes uptake by POCIS has been done in triplicate, the mean and standard deviation of R s for each compound was calculated by taking in account the values obtained for the POCIS in triplicate.
Results and discussion
Pesticide uptake kinetics by POCIS Characteristic pesticide uptake curves for the pharm-POCIS after an exposure of 5, 9, 15 and 21 days in the spiked tap water under water flow over the POCIS conditions are shown in Fig 1. The results showed that for most of the studied compounds, the uptake in POCIS follows a linear pattern until 15 days with an equilibrium state reached after a 21-day exposure. However, for three compounds (metalaxyl, azoxystrobine, terbuthylazine), the accumulation in POCIS remained linear for the whole 21-day experiment.
Determining sampling rates
The correlation coefficients of the linear regressions for most pesticides were acceptable, with values from 0.7924 (DEA) to 0.9706 (azoxystrobine) ( 
Comparison of sampling rates
An overview of our sampling rates and those of previous studies is given in Table 4 concerning only experiments fitting with our own experiment in term of exposure conditions (water renewal and non-quiescent exposure). For several pesticides, the sampling rate values from our study were similar to those obtained by authors (Mazzella et al. 2007; Hernando et al. 2007; Lissalde et al. 2011 ) who used a similar experimental set-up for pharm-POCIS calibration as ours. The R s values we obtained for terbuthylazine and linuron were 1.5 and 1.7 times lower, respectively, than those reported by Mazzella et al. (2007) and Lissalde et al. (2011) even if the results for the other compounds are very closed. This difference cannot be explained and those both results seem to be not reliable because of the important difference of sampling rate compared to the other compounds owning to the same chemical group (140 mlday for linuron instead of respectively 256.7 and 236.5 for diuron and isoproturon). Our sampling rates were of the same order of magnitude as those obtained by Thomatou et al. (2011) , even though these authors used a pest-POCIS in a stirred-renewal exposure design for a calibration experiment using natural lake water. Sampling-rate values for diuron from other studies were systematically below our values: 3 times lower for Martínez Bueno et al. (2009) and 5.7 times lower for Alvarez et al. (2004) , respectively. The experimental set-ups used by these authors use a static system stirred by a magnetic bar, but their salinity values were quite different.
Fig 1 Some examples of pesticides uptake by POCIS over a period of
It is thus clear that great disparities exist between the methods used for calibrating POCIS. Detailed descriptions of experimental parameters and R s comparisons during POCIS calibrations for several pesticides and other chemicals are given by Munaron et al. (2011) and Morin et al. (2012) . For the pesticides, R s values are comparable to the present study and the observed differences can be explained by considering the different parameters, such as the experimental set-up for calibration (such as water renewal), water-temperature, and turbulence conditions that affect the sampling rate, the POCIS configuration and the value of its surface area-sorbent-phase ratio. Large differences between the experimental conditions used may lead to large variations in R s values. As described by Morin et al. (2012) , there are a lot of studies in which all the needed information (speed of rotation, water temperature, calibration methods) +289.14 X−199.69; r 2 00.9221) (Fig. 2) . To obtain a better correlation, the R s values of metalaxyl, propyzamide and azoxystrobine were not plotted, even though their mean R s values are included in the graph. The quadratic curve shows an increase of the sampling rates with the hydrophobicity (logK ow ), reaching a plateau for compounds with logK ow ranging from 1.15 to 3.7. Mazzella et al. (2007) and Thomatou et al. (2011) when calibrating POCIS for polar pesticides established a similar relationship. Arditsoglou and Voutsa (2008) when working with steroid and phenolic compounds found no clear correlation, but they showed a similarity in sampling-rate values across a range of hydrophobic molecules. The observed plateau from our study, which describes a similarity of POCIS uptake over a range of hydrophobicity (logK ow , 1.7-3.7), was also reported for pesticides on polar Chemcatchers® (Shaw et al. 2009 ) for the uptake by the RPS-SDB sorbent phase for the compounds studied (logK ow , 1.78-4.0). According to Alvarez et al. (2007b) , POCIS are able to accumulate compounds with logK ow <3. The selected pesticides in this work have logK ow values that range from 1.15 (DIA) to 3.72 (penconazole). For all compounds studied except DIA, we obtained sampling rates of over 100 mL day −1 . The sampling rates generated by Arditsoglou and Voutsa (2008) ; their experimental data suggest that POCIS can be used even with compounds whose logK ow is over 4. The limits of POCIS performance and sampling efficiency should be defined by considering compounds from the same chemical groups. Figure 3 focuses on the range of compound sampling rates on the plateau of the curve described above (Fig. 2) . The mean sampling rate calculated for the 13 compounds is 239 mLday −1 with a relative standard deviation of 14 %. Considering that the determination of average concentrations by passive sampling with an RSD of 20 % in environmental measurements is acceptable, the main idea could be to use a unique sampling rate value for calculating the TWA concentration of any pesticide in the aquatic environment whose polarity falls in the logK ow interval determined above. In order to further develop this point, other experiments are needed with a large number of compounds belonging to different chemical classes and with a wide range of polarity values. R s variability for molecules falling in the proposed logK ow interval is much lower than the R s variability for various conditions of temperature and agitation. The demonstration is highlighted by the result presented in Fig. 3 . It is also possible to consider an "average global" R s for all compound owning to the logK ow intervals and to focus the research on developing correction of lab-R s to fit with environmental conditions. Different ways could be investigated: use of PRC compounds ( Mazzella et al. 2007 ), use of passive flow monitor (O'Brien et al. 2012 ) already applied for semipermeable membrane device and polydimethyl siloxane passive samplers and which could be useful for POCIS. It will be more interesting to focus the research on developing correction of lab-R s to fit with environmental conditions with a validation by in situ calibrations.
Conclusions
The quantitative use of POCIS requires suitable sampling-rate values for each compound of interest. Very few sampling-rate data are available for estimating ambient contaminant concentrations from analyte levels in exposed POCIS. A laboratory experiment based on a flow-through exposure system was designed and implemented for the calibration of POCIS (pharmaceutical configuration), and the sampling rates of 17 polar pesticides were determined. The calibration revealed integrative uptakes of the target pesticides for 15 and 21 days. The obtained sampling rates ranged from 67.9 to 279 mLday −1 and demonstrated the effectiveness of POCIS for achieving a lower quantification limit for the selected compounds, compared to standard active-sampling methods. For an exposure duration of 15 days, we have the equivalence of a 1 to 4 L grab water sample, depending on the targeted compounds. The calibration results obtained showed a similar POCIS sampling capacity for several compounds belonging to different chemical classes, with a logK ow ranging from 1.7 to 3.7. The use of an average laboratory-R s could be considered for determining the TWA concentration in water for a given compound, whose polarity falls within a defined interval with other compounds that have similar sampling-rate values. This Lab-R s , need to be improved and corrected (by PRC or passive flow monitor) to fit better with realistic environmental conditions. 
